The electronic band structure of twisted bilayer graphene depends on the twist angle between the two layers. In particular, van Hove singularities occur in the density of states when the two sets of monolayer bands cross. An enhanced Raman G peak is observed when the excitation laser is resonant with the energy separation of these singularities. Using Raman spectroscopy, we monitor the evolution of the electronic band structure for various twist angles upon charge doping. The variation of the Raman G peak area with charge density reveals changes in the electronic band structure, and a decrease in the energy of the resonant scattering pathway is inferred from the twist angle dependence. This decrease is due to a charge density asymmetry between the two layers. Our results demonstrate that the electronic and optical properties of twisted bilayer graphene can be controlled by doping.
The electronic band structure of twisted bilayer graphene depends on the twist angle between the two layers. In particular, van Hove singularities occur in the density of states when the two sets of monolayer bands cross. An enhanced Raman G peak is observed when the excitation laser is resonant with the energy separation of these singularities. Using Raman spectroscopy, we monitor the evolution of the electronic band structure for various twist angles upon charge doping. The variation of the Raman G peak area with charge density reveals changes in the electronic band structure, and a decrease in the energy of the resonant scattering pathway is inferred from the twist angle dependence. This decrease is due to a charge density asymmetry between the two layers. Our results demonstrate that the electronic and optical properties of twisted bilayer graphene can be controlled by doping.
Twisted bilayer graphene (tBLG) has drawn a lot of attention because of its unique electronic band structure, which depends on the twist angle between the two graphene monolayers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The twist between the layers causes the Dirac cones of the individual layers to be displaced in momentum. When the linear bands from the two monolayer graphene sheets cross, saddle points appear in the band structure of tBLG, giving rise to logarithmic van Hove singularities (vHs) in the density of states (DoS) [4, 16] . Twisted bilayer graphene occurs in many graphene preparation methods such as chemical vapor deposition (CVD) growth on metals [17] [18] [19] [20] [21] , precipitation from silicon carbide [3, 22] and mechanical exfoliation of graphite [23] . Scanning tunneling microscopy (STM) and spectroscopy have been employed to explore the properties of tBLG, where a moiré pattern in the topography and vHs in the local DoS are observed [4, 24, 25] . Raman spectroscopy forms another important characterization tool that is convenient and nondestructive. The Raman spectrum of carbon based materials contains two main peaks, namely the G peak around 1580 cm −1 and the 2D peak around 2700 cm −1 [26, 27] . The position, intensity, and width of both the Raman G and 2D peaks depend on the twist angle, indicating angle dependent electronic and phononic band structures in tBLG [2, [11] [12] [13] [28] [29] [30] . In addition, new peaks can appear in the Raman spectrum of tBLG due to extra scattering pathways enabled by the superlattice periodic potential [31] [32] [33] [34] [35] . A large charge density can be induced in graphene through chemical doping. In monolayer graphene, Raman spectroscopy as a function of doping has been performed to study phenomena such as G peak stiffening and width narrowing [36] [37] [38] . Similar studies have been carried out on AB stacked bilayer graphene [39] [40] [41] . Most recently in tBLG, G peak splitting and quenching upon doping have been observed for a specific twist angle [15] . * leroy@physics.arizona.edu
However, a broad range of twist angles need to be investigated to understand the evolution of the electronic band structure upon doping. In this letter, we conduct a systematic Raman study of tBLG, using a 532 nm laser excitation, with controllable charge densities on the order of 10 13 cm −2 . Specifically, the intensity of the Raman G peak of tBLG for various twist angles is monitored as a function of charge density to reveal the evolution of the electronic band structure.
The graphene in this study was grown via a low pressure CVD method on 25 µm thick Cu foil placed within a sealed copper pouch [42] . The pouch was heated to 1040 • C and annealed for 1 hour under a H 2 gas flow rate of 4 sccm at a pressure of 60 mTorr. Then a CH 4 flow rate of 1.3 sccm was added to the system for 30 minutes to grow the graphene. The system was quickly cooled down to 350
• C with the same gas flows as during growth, and then the gas was removed. Our growth conditions yield large monolayer graphene flakes with smaller multilayer regions originating from the nucleation sites. CVD grown graphene flakes were transferred from the Cu foil onto an oxidized Si substrate with a 285 nm thickness of SiO 2 by a wet transfer method [43] . Fig. 1(a) shows an optical microscope image of the graphene flakes after they have been transferred to a Si/SiO 2 substrate. The number of layers is clearly distinguishable based on the optical contrast. The size of the monolayer region is over 200 µm on a side, while the bilayer is on the order of 25 µm and the multilayer region in the center is smaller than 10 µm. The contrast varies on different regions of the bilayer, which indicates the angle between the first and second layer varies due to different domains in the CVD grown graphene. Specifically, the darker areas correspond to approximately a 12 degree twist angle which absorbs more visible light owing to the enhanced DoS in this energy range [44, 45] . While previous studies have employed contrast measurements to identify the twist angle [46, 47] , we find Raman spectroscopy to be a more precise and convenient method.
Raman spectra taken at the locations marked in the inset of Fig. 1(a) are plotted in Fig. 1(b) . In tBLG, both the Raman G and 2D peaks vary with the twist angle as reported in previous studies [11, 12] . Remarkably, on the darker region (blue curve), which has a twist angle of 12 degrees, the G peak area is 25 times larger than on the lighter region that has a twist angle less than 3 degrees (green curve). Both bilayer spectra are reliably distinguishable from that of monolayer graphene marked by the black diamond. The twist angle between the two layers of tBLG leads to a moiré pattern as seen in Fig. 1(c) . The wavelength of the moiré pattern depends inversely on the twist angle θ. In reciprocal space, the two sets of Dirac cones from each layer are also rotated by θ as depicted in Fig. 1(d) . Renormalization of the band structure occurs at the intersection of the two cones, which gives rise to vHs and subsequent enhancement in the DoS [4, 16] . The DoS of tBLG with a twist angle of 12 degrees (solid blue curve) is plotted in Fig. 1(f) according to a continuum model [1] . The black dashed line is the DoS for two uncoupled graphene layers. An enhanced Raman G peak is observed when the incident photon energy, E laser , matches the energy separation between the vHs in the conduction and valance bands, ∆E vHs , as denoted by the red arrow in Fig. 1 (e) [11, 12] . The enhanced Raman signal is due to the enhanced DoS as well as contributions from additional pathways, denoted by the green arrows, due to the parallel bands [12] (Fig. 1(e) ). As the band structure depends on the twist angle, this resonant condition also scales with the twist angle. For a fixed excitation photon energy, the G peak is enhanced only within a small range of twist angles. For the 532 nm laser in our study, the G peak is enhanced for twist angles from 10 to 16 degrees, which is denoted as the enhanced angle range in the rest of this paper. The twist angle of individual flakes was identified us-ing STM by measuring the wavelength of the moiré pattern. A typical topography image of tBLG is presented in Fig. 2(a) , where a 1.19 ± 0.03 nm moiré pattern is visible. The inset of Fig. 2(a) is a zoomed in topography image showing the graphene atomic lattice. By taking a Fourier transform of the topography image, the wavevectors of the atomic lattice and moiré pattern can be found. Fig. 2(b) is a FFT of the topography with the atomic lattice and moiré pattern wavevectors marked by red and blue circles respectively. The ratio between the atomic lattice length a and the moiré pattern wavelength D gives the twist angle θ between the two lattices using a/D = 2 sin(θ/2).
In Fig. 2(c) , the measured Raman G peak area of tBLG normalized to monolayer graphene is plotted versus the twist angle measured by STM. There is a clear enhancement of the G peak area near a twist angle of 12 degrees. The enhancement of the G peak area as a function of twist angle can be fit with a Lorentzian function centered at 12.6 ± 0.2 degrees with a FWHM of 0.8 ± 0.1 degree. The center position of the Lorentzian function is defined as the critical angle θ c at which E laser matches ∆E vHs exactly. This Lorentzian function allows a conversion of the G peak area to twist angle without needing to perform STM topography measurements. The red points in Fig. 2(c) correspond to tBLGs that were only measured with Raman spectroscopy.
As seen in Fig. 2(c) , a given G peak enhancement corresponds to two possible twist angles. To distinguish between the two possible twist angles, we use the Raman R peak associated with the TO phonon, which emerges from a double-resonance intervalley process mediated by the periodic potential [32] . In the enhanced angle range, the R peak is clearly visible, as shown in Fig. 1(b) . The R peak position decreases monotonically with increasing twist angle as shown in Fig. 2(d) which allows the twist angle to be uniquely identified [49] . Again, the black circles correspond to tBLG flakes whose twist angles were measured by STM. The red circles correspond to tBLG flakes whose twist angles were inferred from Raman spectroscopy measurements of the G peak area. Using a combination of the R peak position and the G peak area, the twist angle within the enhanced angle range can be determined solely from Raman measurements.
The experimental layout for the charge doping measurements is sketched in Fig. 3(a) . After identifying tBLG flakes with enhanced Raman G peak areas, source, drain and side gate electrodes were written by electron beam lithography followed by deposition of Cr/Au (5 nm/30 nm). A polymer electrolyte top gate was employed to induce charge carriers in the sample [50] . The polymer electrolyte was composed of lithium perchlorate and polyethylene oxide (PEO) with a weight ratio of 1 to 8. They were dispersed in methanol and stirred for several hours at 50
• C until thoroughly dissolved. Then the ion gel was dropped onto the graphene device and baked for 5 mins at 100
• C to evaporate the methanol. Debye layers are formed near the graphene and the side gate electrode where ions accumulate as shown in Fig. 3(b) . The thickness of these Debye layers are found to be a few nanometers [38, 50] so that the capacitance is significantly larger than that of the Si back gate. Side gate voltages applied to the device were limited to between -1.5 V and 2.5 V to avoid any electrochemical reactions in the polymer electrolyte. The gate voltage was changed very slowly to make sure the system was stable before taking Raman spectra. Raman spectroscopy was performed on a home built Raman platform using a 532 nm Nd:YAG laser under ambient environment and room temperature. The laser was focused onto the sample by a 50× objective with NA = 0.5, which yielded a spot size smaller than 1.5 µm. The reflected light was dispersed by a 600 lines mm −1 grating and the spectrum was imaged on a thermoelectrically cooled CCD. The spectral resolution is about 1 cm −1 . An applied gate voltage, V g acts to both shift the Fermi level as well as generate a potential between the gate electrode and the graphene. In monolayer graphene, the Fermi level is related to the charge density n by E F = v F √ πn, where is the reduced planck constant and v F = 1.05 × 10 6 m/s is the Fermi velocity of monolayer graphene. The potential between the gate electrode and graphene is given by U = ε P E E/C g = ne/C g , where ε P E is the dielectric constant of the polymer electrolyte, E is the electric field and C g is the geometric capacitance per unit area of the Debye layer in the polymer electrolyte. Combining these two effects gives,
Here V g is measured relative to the voltage when the Fermi level is at the Dirac point by finding at which gate voltage the G peak position is a minimum. To determine the geometric capacitance, we measured the G peak position for monolayer graphene as a function of the applied gate voltage. The shift of the G peak ∆Ω G is proportional to the Fermi energy, namely, ∆Ω G = αE F , where α is 42 cm −1 eV −1 [51] . For each device, ∆Ω G versus gate voltage was measured to determine C g . For the dif-ferent devices measured, the capacitance per unit area varied within the range 0.7 − 2.0 × 10 −6 F cm −2 , which is about two orders of magnitude larger than that of the Si back gate. The geometric capacitance per unit area for bilayer graphene areas was taken to be the same as that of nearby monolayers since the polymer electrolyte was uniformly distributed over these length scales.
In tBLG, the top layer is more heavily doped than the bottom layer because it is closer to the polymer electrolyte. This asymmetric doping causes an interlayer potential ∆φ to develop [15, [52] [53] [54] . A simple model is adopted to calculate the charge densities n T and n B in the top and bottom layers respectively [15] . The tBLG is modeled as a parallel plate capacitor with two weakly coupled monolayers separated by an interlayer distance d 0 = 0.34 nm. The top and bottom layers experience different electric fields, given as E T = (n T + n B )e/ε P E and E B = n B e/ε tBLG , where ε tBLG is the dielectric constant of the tBLG. Similar to equation 1 in the monolayer case, for bilayer we use the charge density and electric field of the top layer to obtain,
The interlayer potential energy e∆φ is equal to the energy difference between the Dirac points of the top and
In the parallel plate capacitor model, the interlayer potential is simply the electric field between the layers E B times their separation d 0 . Namely, ∆φ = en B /C tBLG , where C tBLG = ε tBLG /d 0 is the effective interlayer capacitance per unit area. We take ε tBLG to be 2.04ε 0 [55] in our calculation and obtain C tBLG = 5.3 × 10 −6 F cm −2 . Combining the above two equations we obtain,
So n T and n B can be solved using equations 2 and 3.
Within the charge doping range in our study, the asymmetric doping doesn't give rise to a noticeable G peak splitting [15] , so a single Lorentzian function was employed to fit the G peak. The Raman G peak area of tBLG with twist angles outside the enhanced angle range does not depend on the charge density. However, it varies significantly within the enhanced angle range as shown in Figs. 4(a) and (b) . The G peak area of tBLG with a twist angle equal to the critical angle decreases monotonically for both the electron and hole doped regions as shown by the purple markers in Fig. 4(a) . For all angles smaller than the critical angle, similar behavior is observed as shown by the other markers in Fig. 4(a) . In contrast, for angles larger than the critical angle, the area initially increases with doping before decreasing at higher doping levels as shown in Fig. 4(b) . The black curve in Fig. 4(b) corresponds to a twist angle of 13.0 ± 0.1 degrees. The behavior is observed with either electron or hole doping. The total charge density required to maximize the G peak area for a slightly larger twist angle (green curve with 13.2 ± 0.1 degrees) is much larger. • . The uncertainty in the angles is 0.1
• , and there is an overall uncertainty of 0.2
• in the peak position of the fit Lorentzian function. The error bars in G peak area arise from the uncertainty of the Lorentzain function fit to the G peak. The error bars in electron density arise from the uncertainty of the geometric capacitance.(c)-(d) Electronic band structure evolution upon doping of tBLG with electrons and holes respectively. Blue and black Dirac cones are from the top and bottom layers respectively. The red arrows are the transitions to or from the vHs, while the green arrows represent transitions between parallel bands. (e) Relation between the reduction in the energy of the resonant scattering pathway and the charge density induced in the bottom layer. The blue line is a linear fit to the data points. The error bars for the reduction of the resonant scattering pathway are from the uncertainty in determining the twist angle. The error bars for the bottom layer charge density are due to the uncertainty of the geometric capacitance.
It is inferred based on the above twist angle dependence that the energy of the resonant scattering pathway, E rsp , decreases upon doping. For the critical angle, the undoped E rsp equals the photon energy of the incident laser. The laser will thus be off resonance due to the decrease of E rsp with doping, so the Raman G peak area drops monotonically. For smaller angles, the undoped E rsp is already lower than the photon energy, so it will be further off resonance upon doping causing the G area to drop. However, for larger angles, the undoped E rsp is larger than the photon energy. Therefore, the laser will be on resonance when E rsp is reduced upon doping, leading to a maximum of the G peak area at a finite charge density. As the twist angle increases, the tBLG needs to be doped to a higher charge density in order to reach the resonant condition.
To further understand this behavior, we examine the modification of the tBLG band structure upon doping. In undoped tBLG as shown in Fig. 1(e) , the Dirac points of the two layers are at the Fermi level since there is no charge doping or interlayer potential. The two vHs are therefore aligned in momentum exactly between the two Dirac points. However, the two Dirac points are shifted away from the Fermi level when the sample is doped. The energy difference between them is the interlayer potential energy e∆φ imposed by the asymmetric doping. Under this situation, the two vHs are displaced horizontally in momentum as seen in Fig. 4 (c) and 4(d) for electron and hole doping respectively, where the band slope is assumed to be unchanged. The energy difference between the two vHs does not change since the momenta of the two Dirac points remains the same. But the energy of the vertical interband transitions to or from the vHs (red arrows) and parallel band contributions (green arrows) are reduced compared to that of the undoped case. From the geometric relation, the reduction ∆E rsp is equal to the interlayer potential energy e∆φ, which is proportional to the charge density induced in the bottom layer. We can determine ∆E rsp and the corresponding charge densities in the layers when the maximum G peak area is achieved. According to the continuum model [1, 4, 48] , we have
where t θ = 0.13 eV is the interlayer coupling strength using θ = θ c and ∆E vHs = E laser , which agrees with previous results [25] . Assuming that t θ does not change upon doping, we have ∆E rsp = 8π v F [sin(θ/2) − sin(θ c /2)]/3a for a bigger twist angle θ. ∆E rsp from a series of twist angles are plotted versus the charge density in the bottom layer in Fig. 4(e) . As expected, a linear dependence is observed. The slope of the line gives C tBLG = 5.3 ± 0.3 × 10 −6 F cm −2 , which equals to the adopted theoretical value in our calculation. This self-consistency check confirms the validity of our model of the evolution of the electronic band structure upon doping.
In summary, modification of the electronic band structure of tBLG upon doping is realized using a polymer electrolyte top gate. Dirac points from the two layers are shifted apart by an interlayer potential ∆φ because of the asymmetric doping. The two vHs are misaligned horizontally in momentum, leading to a decrease in the energy of the resonant Raman scattering pathways for the enhanced G peak. For a given excitation energy, the charge density needed to maximize the G peak area increases with increasing twist angle. Our results demonstrate the rich physical properties of tBLG and pave the way for tailoring the electronic band structure of tBLG by external potentials.
